ABSTRACT In this paper, the performance of several annealing methods on three retired cables and the annealing effects on the improvement in the thermal and electrical properties of cross-linked polyethylene (XLPE) insulation were discussed. The cable insulation layer was peeled, and the peels near the inner semi-conductive layer were used as the test samples. Isothermal treatment and heat recycling treatment were performed at temperatures of 85, 90, 95, and 100 • C, and the temperatures were held in the heat recycling treatment for 8, 16, and 24 h, respectively. Each heat recycling treatment was repeated 20 times, and the duration of the isothermal treatment was the same as that for the heat recycling treatment with a 24 h temperature holding hour. Then, Fourier transform infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC) were performed, and the dielectric spectrum, DC conduction current, and dielectric breakdown strength E B were measured. The results showed that damage involving molecular changes is linearly related to the cable service year. As the annealing temperature increases, the melting range and electrical conductivity decrease; the melting point, crystallinity, lamellar thickness, and dielectric breakdown strength increase; and the optimal values appear for the samples annealed at 95 • C. With an increased temperature holding hour, the peels annealed at 95 • C exhibit a decreased melting range and electrical conductivity and an increased crystallinity, melting point, lamellar thickness, and dielectric breakdown strength. As a result, the two different treatments are verified to effectively improve the thermal and electrical properties for the XLPE as early research on cable rejuvenation by heat treatment.
I. INTRODUCTION
Cross-linked polyethylene (XLPE) has been widely used as the insulation material in high-voltage cables due to its excellent electrical properties and environmentally-friendly nature. During long-term operation, insulation degradation inevitably occurs from multiple pressures, including thermal, electrical, and mechanical effects, which threatens cable operation safety. Much research has been conducted on cable insulation degradation, and the aging mechanism and its evolution process under different settings have been well investigated [1] , [2] . Some research has focused on providing an accurate assessment of cable aging and determining whether a cable should continue to operate or be retired and replaced by a new cable [3] , [4] . Although many methods and
The associate editor coordinating the review of this manuscript and approving it for publication was Boxue Du. measurement techniques have been shown to be effective in the aging assessment of XLPE peels and coaxial cables, complex cable-laying conditions and various sources of interference in the on-site environment can render such measurement results invalid [5] , [6] .
Annealing is a heat treatment method that is widely used in the research on crystalline polymer materials. Two annealing methods, isothermal treatment and thermal cycling treatment, have shown the ability to improve the thermal and electrical properties of XLPE at proper temperatures [7] , [8] . Over the short timescale of the cable manufacturing period, the crystalamorphous structure does not reach the metastable state. Thus, annealing occurs at a temperature above the glass transition temperature during cable operation, and the evolution of the crystal-amorphous structure in the insulation layer has been widely observed in retired cables [9] , [10] . For example, cables that have operated for nearly 15 years show enhanced thermal and electrical properties compared to new cables. The reason for the enhancement has been summarized as a ''second annealing process'', with molecular chains forming an orderly arrangement, imperfect crystals being converted to perfect ones, thin lamellae becoming thick lamellae, and new crystal formation accompanying a reduction in the amorphous region [11] . When cables reach the designed service life, the insulation degradation would dominate this process [10] . Although some research has evidenced cables that have maintained excellent electrical properties, their further operation would have a high probability of serious insulation failure, and an effective method of evaluating the insulation property of these cables is not currently available [12] , [13] .
In this study, two different annealing methods are performed on XLPE sheets peeled from three retired cables with 0, 15, and 30 years of service. The effects of annealing on the thermal and electrical performance of the XLPE sheets are analyzed. The effectiveness of the different annealing methods was compared, and the possibility for cable rejuvenation was discussed in a preliminary manner.
II. EXPERIMENTAL DETAILS A. SAMPLE PREPARATION
Three 110 kV AC cables were used in the present study, and some important specific parameters are listed in Table 1 . Two of the cables were retired cables that operated for 15 and 30 years, and the last cable was a spare cable. The two retired cables were removed from service because of transmission line change rather than insulation failure. Overheated operation was not reported for the two retired cables, which means that the temperature in the insulation layer remained below 90 • C during cable operation. No physical damage or deformation was observed in the main body of the three cables, and only a few deformation points were found in the outer aluminum sheath.
After removing the outer aluminum sheath, the cable insulation was peeled parallel to the copper conductor surface, and tape-like XLPE peels were obtained, as shown in Figure 1 . Peels near the inner semi-conductive layer were taken as the test samples and cut into a square shape with a width of 6 cm, since these locations suffered the most serious electrical and thermal pressures during cable operation. Before the annealing process was conducted, all samples were wiped clean by ethyl alcohol, and then they were inserted into two thick steel plates and put in a drying oven with the temperature held at 60 • C for 48 h. Each sample was dried and pressed into a plate sheet to ensure good contact in the subsequent measurements.
B. SAMPLE TREATMENT
As is well known, the temperature change in cable insulation is a typical slow and non-isothermal process, including heating and cooling phases [14] . To obtain a good simulation of the heating process, an annealing oven was developed, as shown in Figure 2 . In Figure 2 (a), the annealing oven is made of iron sheets, and the six surfaces are covered by heat insulation foam of the same thickness. The samples located on the sampling stage and the annealing oven were locked within the heat oven.
First, the chamber of the heat oven is heated to the preset temperature and maintained at that point. Simultaneously, heat is transferred from the chamber of the heat oven to the chamber of the annealing oven through the heat insulation foam, which increases the temperature in the chamber of the annealing oven. After the temperature in the chamber of the annealing oven reaches the preset point and is maintained at that temperature for the temperature holding hour T h , the heat oven is turned off, and the temperature in the chamber of the heat oven decreases rapidly to room temperature. The temperature in the chamber of the annealing oven decreases with the heat dissipation from the chamber of the annealing oven to the chamber of the heat oven. Two fans that operate continuously are installed at the top and bottom of the chamber of the heat oven to force air circulation. A complete cycle includes a heating, holding, and cooling phase. Figure 2(b) shows the temperature evolution process of a complete cycle at the annealing temperature of 100 • C. The heating rate decreases as the temperature increases in the chamber of the annealing oven, and the cooling rate decreases as the temperature decreases in the chamber of the annealing oven. As far as the coaxial cable is concerned, heat is transferred from the metal conductor to the outside through heat exchange. The temperature in the insulation layer increases by a high current applied in the conductor, and the temperature decreases in the insulation layer when the current in the central conductor is below a certain amplitude. Specifically, the cooling phase depends on the cable's physical structure and the on-site environment, and it could be considered a fixed condition when the cable has been laid well [14] .
Two different heat treatment methods are adopted. The first three heat treatments are thermal recycling treatments, with temperature holding hour T h of 8, 16, and 24 h. The last heat treatment is an isothermal treatment in which the temperature is increased to the preset temperature and maintained until the heat treatment is finished, and the time duration is same as the heat recycling treatment with the T h of 24 h. Table 2 presents the hours of heating and cooling during the annealing process at different preset temperatures. The same thermal cycle annealing process was repeated for each sample 20 times.
Samples annealed at the same preset temperature with T h values of 8 h, 16 h, 24 h, and the isothermal treatment are labeled S-1, S-2, S-3, and S-4, respectively, and samples annealed by the same method are named according to their service year: XLPE-0, XLPE-15, and XLPE-30. 
C. PARAMETER MEASUREMENT
The molecular changes in XLPE were analyzed with a Fourier transform infrared spectroscopy (FTIR) spectrometer (VERTEX 70, Bruker, German). Spectra were obtained over the wavelength range 400 ∼ 4000 cm −1 with a resolution of 4 cm −1 . For each sample, the same measurement was repeated 5 times to increase the accuracy of the results, and the displayed FTIR spectra were the averages of 5 FTIR measurements.
Differential scanning calorimetry (DSC) was performed with a Q200 (TA Instruments, USA) instrument to measure the thermal properties of the samples. A sample with a weight of 5 mg was used in each measurement. The temperature was increased from 25 to 140 • C at a rate of 10 • C/min, maintained at 140 • C for 5 min, and then cooled to 25 • C. This scanning was repeated twice per measurement, and 5 measurements were performed for each sample.
The complex permittivity, including the real part (ε ) and the imaginary part (ε ), was measured with a QE 200 (Novo-control, Germany) instrument. The frequency range was from 10 −2 to 10 6 Hz at the temperature of 90 • C.
The DC conduction current was measured with a three-electrode conduction instrument. An electric field of 20 kV/mm was applied and the current was measured for 1800 s at the same temperature as in the dielectric spectrum measurement.
The dielectric breakdown strength E B was measured at room temperature by applying an AC (50 Hz) high voltage to a copper plate electrode system. The sample was inserted between two plate electrodes, and completely immersed in silicone oil. The voltage linearly increased at a rate of 1 kV until sample breakdown. The same measurement was repeated 15 times for each sample, and the average was calculated as the final data.
III. RESULTS AND DISCUSSION
A. MOLECULAR CHAIN DAMAGE Figure 3 shows the FTIR spectra of the three samples without annealing. The peak at the wavelength of 720 cm −1 corresponds to rocking methylene groups (-CH 2 ), and other three peaks, which appear at 1467 cm −1 , 2847 cm −1 , and 2924 cm −1 , are the most characteristics of XLPE, corresponding to the wag vibration, symmetric stretching vibration, and asymmetric stretching vibration of the CH 2 groups, respectively [15] . The peak observed at 1374 cm −1 with a low absorbance strength corresponds to the ethyl group, and there is almost no difference in the three samples [16] . The peak at the wavelength of 1740 cm −1 that shows weak absorbance corresponds to the carbonyl group, with almost no increase with the cable service year. This means that oxidation took place during the cable manufacturing process, but long-term operation did not result in any further reaction [17] . As the wavenumber increases, two peaks are observed at 1632 cm −1 and 3359 cm −1 , corresponding to the unsaturated group and the hydroxyl group [18] . The two peaks appear for only XLPE-15 and XLPE-30, and the absorbance strength is linear with their service year, which strongly evidences that the two samples suffered serious degradation, particularly XLPE-30. The peaks at 1632 and 3359 cm −1 , selected to evaluate the molecular change. The sum of the absorbance of the two peaks was calculated and shown in Figure 4 . The changes in the annealing temperature dependence of sum are not clear; only the irregular deviations are observed. The reason seems to be the non-uniform distribution of the molecular chain.
B. THERMAL PROPERTIES
Due to the vast amount of data in the measured DSC spectra for all samples, only the DSC spectra of XLPE-0 are adopted and shown in the following figures. Figure 5 shows the melting endotherms of XLPE-0 measured in the first heating phase. In each graph, the melting point shifts to a higher temperature and the melting range narrows as the annealing temperature increases. The highest melting point and the smallest melting range are observed when each sample is annealed at 95 • C. Furthermore, the melting point shifts to a lower temperature and the melting range becomes larger when each sample is annealed at 100 • C. The change in the melting range, which is primarily concentrated below the melting point, occurs because many thin lamellae are converted into thicker lamellae, leading to a denser crystal distribution [19] . The melting point corresponding to the thickest lamellae shifts to a higher temperature, which also indicates that the thickest lamellae were thickened further. When each sample is annealed at a higher temperature of 100 • C, the melting point decreases and the melting range broadens as a result of the melting of the thicker lamellae and the emergence of the thinner lamellae [20] .
The melting point and melting range in Figure 5 consistently show that the optimal values appear when each sample is annealed at 95 • C, regardless of the temperature holding hour. To clearly illustrate the differences observed for the samples annealed at 95 • C with different T h , Figure 6 shows the melting endotherms of XLPE-0 annealed at 95 • C by different heat treatment methods. The higher melting point and narrower melting range obviously correspond to a longer T h . The highest melting point and smallest melting range appear for S-3 and S-4, and it is hard to distinguish between them.
Generally, the melting endotherms in the second heating phase are also highly important. Figure 7 shows the melting endotherms of XLPE-0 measured in the second heating phase. In each graph, each curve shows a similar heat flow at each temperature and the same melting point. Slight differences are observed among the four graphs, indicating that similar crystal-amorphous structures form when all crystals are completely melted when the sample is heated to 140 • C in the first heating phase and recrystallized in the first cooling phase. As the sample cools to 25 • C at the same rate, a similar crystal-amorphous structure emerges, which means that there is no change in the molecular chain, indicating that the annealing at these temperatures for hundreds of hours did not further damage the molecular chain [21] . This is consistent with the results shown in Figure 4 .
Comparing Figures 5 and 7 , the melting endotherms measured in the first heating phase provide more detailed information about the effect of annealing on the thermal properties for the samples. Based on the melting endotherms measured in the first heating phase for all samples, the melting point was obtained directly, and the crystallinity X , lamellar thickness L, and melting range T mr were calculated using the following three equations [22] - [24] ,
and T mr = T me − T ms (3) where H o is the observed fusion enthalpy per unit volume and H m is the value for an ideal polyethylene crystal, 2.88 × 10 8 J · m −3 . Furthermore, T m0 is the melting point of polyethylene for an infinitely thick crystal, 414.6 K. In addition, σ e is the surface-free energy per unit area of the basal face, 9.3 × 10 −2 J · m −2 , T ms is the starting melting point, and T me is the ending melting point. Figure 8 shows the values of the melting point, crystallinity, lamellar thickness, and melting range as a function of annealing temperature. From Figure 8 (a) to (c), the changes in these three values exhibit the same trend: the values increase with the increasing annealing temperature, and the maxima appear at the annealing temperature of 95 • C. The melting range shown in Figure 8 (d) decreases with the increasing annealing temperature, and the smallest value appears at the same annealing temperature as the previous three values. For the samples annealed at 100 • C, the former three values decreased identically, and the melting range increased.
The changes in the four factors are sensitive to the annealing temperature, and the optimum temperature here is 95 • C. The relationship between the annealing temperature and the changes in the four values can be interpreted by the master curve derived by Gandica and Magill [25] . When the annealing temperature is below the optimum annealing point, the temperature increase will result in a higher thermal energy and increase the rate of molecular chain arrangement, allowing for long molecular chain movement [26] . This increase favors the thickening of the lamellae and the emergence of new crystals, which dominate this process rather than the crystal melt. When the temperature is above the optimum annealing point, the higher thermal energy accelerates the molecular chain movement, especially for the long chains. However, the free chains hardly arrange into an ordered state, and the ordered chains start to diffuse from the original lamellae [27] . As a result, the original thicker lamellae melt, and new thin lamellae emerge.
To compare the effects of the different heat treatment methods on the thermal properties, Figure 8 shows the values of the melting point, crystallinity, lamellar thickness, and melting range of the samples annealed at 95 • C. The values in Figure 9 (a) to (c) increase with the increasing T h , and the value in Figure 9 (d) decreases with the increasing T h ; if we ignore a slight exception, the optimum values are observed in S-4. It is well known that XLPE is an original symmetric molecular chain, polar groups and impurities emerge from degradation, and their movement impedes the crystal emergence [21] - [25] . For the sample annealed at the optimum point, a longer T h means the longer time for molecular chain movement over larger distances, and gradually, thicker and more uniform lamellae emerge. Compared with the heat recycling treatment, isothermal treatment gives the best results with respect to the thermal properties. Figure 10 shows the real part ε and the imaginary part ε as a function of frequency measured for the isothermally annealed samples of XLPE-0 and XLPE-30. In each graph, almost no changes in ε and no regularity in ε are observed at frequencies above approximately 1 Hz. At frequencies below approximately 1 Hz, ε increases dramatically with the decreasing frequency due to the accumulation of hetero charge. When hetero charges accumulate near the electrode, and charges with opposite polarity are induced on the electrode, which increases the real part ε , the resultant phenomenon is called electrode polarization [28] , [29] . The imaginary part ε at frequencies below approximately 1 Hz increases dramatically with the decreasing frequency due to ion transport to the electrode in the phase of the applied voltage, which generates Joule heat and results in an increase in the imaginary part. In this case, the real part ε and the imaginary part ε below 1 Hz are selected to evaluate the dielectric properties of the samples.
C. ELECTRICAL PROPERTIES
As shown in the upper two graphs of Figure 10 , the real part ε in the measured frequency decreases as the annealing temperature increases, reaching the smallest value for XLPE-30 annealed at 95 • C and XLPE-0 annealed at 100 • C; however, the real part ε increases for XLPE-30 annealed at 100 • C. In the bottom two graphs of Figure 10 , regular changes in the imaginary part are observed when the frequency is below 1 Hz. The changes in the imaginary part in the two graphs show almost the same trend as the changes in the real part: ε decreases with the increase in the annealing temperature and reaches the smallest value at the annealing temperature of 95 • C and 100 • C for XLPE-30 and XLPE-0, respectively.
Regarding the ion transport contributions to the increases in the real part and imaginary part at low frequencies, especially below 1 Hz, the contribution of the DC conductivity could be used to analyze the effect of annealing on the behavior of ions. The complex permittivity, including the effects of VOLUME 7, 2019 the DC conductivity, is given by [29] :
where ε * is the complex permittivity, ε s is ε (ω = 0), ε θ is ε (ω = ∞), ω is the angular frequency (ω = 2πf, f is the frequency of the applied electric field), τ is the relaxation time, and ε 0 is the permittivity of vacuum. The third term represents the dielectric loss caused by the DC conductivity, and the DC conductivity is given by [29] , [30] :
If we change this equation into Log(ε ) as a function of Log(f ), then
The slope of the line Log(ε ) vs. Log(f ) fits −1 from this equation, and it is clearly seen that it is a linear function with a slope of −1 at the frequencies between 0.01 and 0.1 Hz, as shown in the bottom two graphs of Figure 10 . Figure 11 shows the results of the DC conductivity σ DC deduced from the complex permittivity. At such a low applied electric field, the ions mainly originate from impurity ionization. In Figure 11 (a), σ DC in the three samples decreases as the annealing temperature increases, and the smallest values appear when the samples are annealed at 95 • C. In Figure 11 (b), a longer temperature holding hour contributes to a smaller σ DC , and the smallest σ DC appears in S-4, except for a small increase as XLPE-0 is isothermally treated.
Based on the results of the DC conduction current, the DC conductivity σ could be calculated with equations (7) [31], [32] ,
where I av is the average DC current in the last 30 s, S is the electrode area, and E is the strength of the applied electric field. Figure 12 shows the results of the DC conductivity σ DC from the DC current measurement. At high applied electric fields with 20 kV/mm, which is above the charge injection threshold for XLPE, the charge carriers from the electrode injection would dominate the concentration of the carriers [33] . In the two graphs of Figure 12 , a similar phenomenon to that shown in Figure 11 is observed; σ DC for each sample decreases as the annealing temperature increases, reaches the smallest values when the sample is annealed at 95 • C, and the smallest σ appears when the sample is isothermally annealed at 95 • C. Apparently, σ DC from DC current is larger than that deduced from the complex permittivity, due to charge injection.
As is well known, the higher the crystallinity and the thicker the lamellae, the harder the charge carrier transport is in the bulk of the sample [33] . Therefore, the changes in the two different σ DC values illustrated in Figure 11 and 12 show the same trend as the DSC results.
The dielectric breakdown strength E B is the most common and valuable parameter in the assessment of the electrical performance for XLPEs. Figure 13 shows the results of E B observed for all samples. In Figure 13 (a), E B in each sample increases as the annealing temperature increases and reaches the maximum value when the sample is annealed at 95 • C. Figure 13(b) compares the values of E B for the samples annealed at 95 • C by different heat treatment methods. There is an obvious increase in E B as T h increases, and the highest E B appears in S-4. The charge transfer is harder in the crystalline region, as explained in the results of the DC current measurement. More importantly, the amorphous region facilitates charge transport and generally decreases the dielectric breakdown strength [34] . The increase in crystallinity means that the enlargement of the crystal region and narrowness of the amorphous region, and the annealing process contributes to thicker lamellae, thereby hindering charge transport in the crystal region and increasing the dielectric breakdown strength [34] , [35] .
D. EFFECTS OF ANNEALING ON THE PERFORMANCE OF RETIRED CABLES
The results of the FTIR spectra shown in Figure 3 and 4 depict the molecular chain damage in the two retired cables, which scales linearly with the cable service year. The measured values, including the crystallinity, melting point, lamellar thickness, melting range, electrical conductivity, and dielectric breakdown strength illustrate that the most serious degradation occurred in XLPE-30.
For the samples annealed at different temperatures, the effect of annealing on the cable performance can be divided into three phases. For annealing temperatures of 85 and 90 • C, the improvements in the thermal and electrical performance in the three samples are proportional to the annealing temperature. When the samples are annealed at 95 • C, the annealing show the best effect for the three samples, and the optimal values of all the measured parameters are observed. Moreover, the annealing temperature of 100 • C negatively affects the thermal and electrical properties.
In summary, the different heat treatments considered in this study equally contribute to the changes in the thermal and electrical properties of the three samples. The optimal values of the melting point, crystallinity, lamellar thickness, electrical conductivity, and dielectric breakdown strength occur when the samples are annealed at 95 • C. When the samples are annealed at this temperature, a narrower melting range, lower electrical conductivity, and larger crystallinity, lamellar thickness, melting point, and dielectric breakdown strength are observed with the increasing T h . Furthermore, these heat treatments lasted for hundreds of hours and did not further damage the molecular chain.
The above measurements and results provide a feasible method by which heat treatment could contribute to improvements in the thermal and electrical properties for XLPE sheets from retired cables, though XLPE-15 and XLPE-30 suffered from serious degradation. While the research and the obtained results based on XLPE sheets do not sufficiently support their use in a cable, the thermal and electrical properties in each position of the insulation layer could be improved. If it is to be used in a transmission cable line, further research on the heat treatment of coaxial cables is needed. Several cables with different service year should be selected, to built-up small simulation circles. Then, heat treatment similar to the cable operation is performed, and the effects on the improvements in the thermal and electrical properties in each position in the insulation layer would be checked by multiple tests. Finally, the heat treatment would be performed on several on-site transmission cables to testify the feasibility of heat treatment for improvements in the electrical properties of the cable.
IV. CONCLUSION
Several heat treatments were performed on three cables that operated for 0, 15, and 30 years without records of overheating. Although the two retired cables suffered insulation degradation, the annealing treatment on the XLPE insulation remained effective. The optimal values of the melting point, crystallinity, melting range, lamellar thickness, electrical conductivity, and dielectric breakdown strength were observed when the samples were annealed at 95 • C. Longer temperature holding hour was further enhanced the thermal and electrical properties when the samples were annealed at this optimum point.
Further research will be conducted on coaxial cables, to explore and verify the improvement in the thermal and electrical properties in each position of the cable insulation. Finally, a feasible method will be proposed for the rejuvenation of on-site transmission cable by heat treatment. 
